Abstract This paper deals with the experimental investigation related to the Mn(II) removal from aqueous solutions by the adsorption onto a synthesized Co/Mo layered double hydroxide (Co/Mo-LDH). The adsorption behavior was studied as a function of initial Mn(II) concentration (40-145 mg/L), contact time (15-90 min), solution pH (2-9) and adsorbent mass (0.05-0.35 g per 1.0 L). All adsorption processes were rapidly carried out at different temperatures (298, 308 and 318 K) and constant stirring rate 160 rpm. The results showed that the Co/Mo-LDH is a very promising material for removing of Mn(II) from the aqueous solutions. Particularly, the solution pH range of 4-7 has the most significant effect on the adsorption capacity. The results revealed that the maximum adsorption capacities were 20.2, 26.75 and 38.1 mg/g from the initial Mn(II) concentration (145 mg/L) at pH 5, adsorbent mass (0.2 g/1.0 L), and contact time (60 min) at different temperatures, 298, 308 and 318 K, respectively. The adsorption kinetics data are well fitted by the pseudo-second-order model, while the adsorption isotherms data were better fitted by the Langmuir equation. Also, this paper discusses the thermodynamic parameters of the adsorption and the results demonstrate that the adsorption process is spontaneous and endothermic.
Introduction
Manganese can be found in natural waters in its most reduced and soluble form, the Mn(II) ion and in the oxidized form MnO 2 (pyrolusite), respectively. If not oxidized, Mn(II) ions can easily escape through water treatment processes and can gradually be oxidized to insoluble manganic dioxide MnO 2 in the distribution system causing several problems such as water discoloration, metallic taste, odor, turbidity, biofouling and corrosion, staining of laundry and plumbing fixture [1] .
For high intake manganese having adverse neurotoxic health effect, World Health Organization (WHO) recommends guideline value of 0.4 mg/L to protect against neurological damage [2] . European Union (EU) and the Environmental Protection Agency (EPA) have established the level of 0.05 mg/L for manganese [3, 4] . So if concentrations are higher than these standards, then water must be treated before using it for drinking purposes. The excessive concentrations of Mn will result in metallic taste in water, staining of different products like clothes, paper and plastics [5] . Manganese can also cause build up in pipelines, water heaters and pressure tanks. The deposition of manganese in the distribution systems can cause reduction of pipe diameter and eventually clogging of pipe will take place [6] .
Oxidation and precipitation is the most common method to remove Mn(II). Such method is based on the Mn(II) oxidation to its insoluble manganic dioxide, followed by clarification and/or filtration. Manganic dioxide is also found to adsorb the manganese ion which can be progressively oxidized with time [7] . Encouraging results for manganese removal have also been obtained by GAC adsorption [8] and biological processes [9, 10] , with removal up to 95%. Nano-adsorbents are quite efficient for the fast adsorption of heavy-metal ions and organic molecules from aqueous solutions because of their high specific surface areas and the absence of internal diffusion resistance [11] . Layered double hydroxides (LDHs) are a class of nanostructured inter-layer anionic clays [12] and constitute a class of lamellar ionic compounds containing a positively charged layer and exchangeable anions in the interlayer [13] .
While, the ordinary LDH is usually prepared from divalent and trivalent cations, the Co/Mo-LDH from bivalent and hexavalent cations was prepared as a new type of LDH [14] . This type of novel LDH nanoparticles was applied to the Fe(II) removal from aqueous solutions. Thereafter, the kinetics and thermodynamics of Fe(II) removal by Co/Mo-LDH were studied [15] .
The objectives of the present study are synthesis of Co/Mo (CO 3 )
2À
-LDH nanoparticles, applying them for Mn(II) removal from aqueous solutions, determining the adsorption rate and capacity and thereafter, studying the kinetics and thermodynamics parameters of the adsorption processes.
Materials and methods

Materials
All chemicals with a purity of greater than 99.9% were purchased as follows: Manganese chloride (MnCl 2 Á 4H 2 O) was purchased from Loba Chemie Co., anhydrous (MoCl 5 ), CoCl 2 Á 6H 2 O, and ammonium carbonate (NH 4 ) 2 CO 3 were purchased from Sigma-Aldrich (Germany) and NH 4 OH (34%) was purchased from Merck Germany.
Preparation of Co/Mo-LDH
The method of Co/Mo (CO 3 ) 2À -LDH preparation was previously published [14] . In typical synthesis, a controlled co-precipitation method is applied based on increasing the rate of addition of NH 4 OH and (NH 4 ) 2 CO 3 into the Co and Mo cations at 60°C. A solution A, 59 mmol of MoCl 5 and CoCl 2 .6H 2 O with Co/Mo molar ratio of 0.25, was first prepared in 100 ml de-ionized water, while solution B was prepared from NH 4 OH (10 mmol) and (NH 4 ) 2 CO 3 (20 mmol) in 50 ml de-ionized water. Then solution B was gradually added into solution A successively till reaching a pH of about 9 with adjusted rate of addition to be through an aging time of 24 h at 60°C under vigorous stirring. Finally, the formed puffy precipitate was filtered, washed with de-ionized water till the negative Cl ions are removed and dried at 60°C overnight.
Characterization of Co/Mo-LDH
Here three main analytical techniques are presented for the prepared Co/Mo-LDH with respect to the Mn(II) adsorption process because the sample was previously proofed, tested and published as will be referenced in the preparation part. The XRD powder diffraction patterns have been performed with Bruker AXS-D8 Advance (Germany) using nickel filtered copper radiation (k = T temperature, K the prepared samples were analyzed by scanning electron microscope (SEM) using JEOL 5300 SEM instrument (Japan).
Adsorption method
The 
Adsorption calculations
The amount of adsorption q e (mg/g) and the percentage of removal were calculated by the following equations [16, 17] :
where C 0 and C e are the initial Mn(II) concentration and the concentration at equilibrium in mg/l, m is the mass of the adsorbent and V is the volume of solution.
Two adsorption isotherms models have been used to analyze the adsorption data equilibrium models to fit the experimental data by two equations [18] :
where q e (mg/g) is the equilibrium adsorption capacity and C e (mg/l) is the equilibrium concentration. While, K L (L/mg) and b (mg/g) are the Langmuir constants related to the sorption capacity and the adsorption energy, respectively.
(ii) Freundlich
while, K F (L/mg) is the Freundlich constant and 1/n is the heterogeneity factor. For a Langmuir type adsorption process, to determine if the adsorption is favorable or not, a dimensionless separation factor [19] is defined by:
If R L > 1, the isotherm is unfavorable; when R L = 1, the isotherm is linear; in the range 0 < R L < 1, the isotherm is favorable; when R L = 0, the isotherm is irreversible.
Adsorption kinetics is used to explain the adsorption mechanism and adsorption characteristics of Co/Mo-LDH. The pseudo-first-order and second-order kinetics equations [20, 21] in linear forms are expressed as: logðq e À q t Þ ¼ log q e À ðk 1 =2:303Þt ð6Þ
where q t and q e are the amounts of Co/Mo-LDH adsorbed at time t and at equilibrium, respectively; k 1 and k 2 are the pseudo-first-order and second-order rate constants for the adsorption process.
The thermodynamic parameters provide in-depth information on inherent energetic changes including Gibbs free energy change (DG°), enthalpy change (DH°), and entropy change (DS°) for the adsorption process which are obtained by the following equations [22, 23] :
where R is the ideal gas constant (kJ mol À1 K
À1
), T is the temperature (K), and b is a Langmuir constant related to the adsorption energy (from the Langmuir isotherm).
Results and discussion
Characteristics of Co/Mo-LDH
XRD analysis
The XRD patterns of Co/Mo-LDH, before and after Mn(II) adsorption, are shown in Fig. 1 . The patterns simply show the hydrotalcite structure of Co/Mo-LDH as the main structure (JCPDS file No. 22-700). The Co/Mo-LDH patterns were characterized by sharp, narrow and symmetric reflections at the lower 2 theta of basal (0 0 3), (0 0 6), and (0 0 9) planes in addition to asymmetric and broad reflections appearing at the higher 2 theta for non-basal (0 1 2), (0 1 5), and (0 1 8) planes. The repeatable diffractions by basal planes d(0 0 3) = 2d(0 0 6) = 3d(0 0 9) for Co/Mo-LDH reflect a fully crammed stacks of brucite-like layers ordered along axis c which resembles the thickness of the brucite-like layer and the interlayer space and its value is often determined as three times the spacing of (0 0 3) plane, so here it equals 2.04 nm since the Co/Mo-LDH XRD patterns have the main peak at 0.68 nm. This main peak value here is reduced if compared to 0.76 nm for the normal M ) anion [24, 25] .
FTIR spectroscopy
The IR-spectra of the prepared samples before and after the adsorption procedure are shown in Fig. 2 . The spectra are coincident with those of ordinary LDHs intercalated with CO 3 2À anion [26, 27] . The interlayer carbonate is proofed by the asymmetric stretching absorption band (t3) of the CO 3 2À near 1380 cm À1 with its attendant close to 1510 cm
À1
. For free carbonate, this band is recorded at 1450 cm À1 but it splits and swings upon symmetry lowering which may be due to the constrained proportion in the interlayer space and the variable electrostatic interactions. The recorded broad band in region 3600-3200 cm À1 is related to the OH stretching mode of layer hydroxyl groups and of interlayer water molecules, and the broadness here may be due to hydrogen bridging [28] [29] [30] , while the weak shoulder about 3000 cm À1 was due to the OH À stretching mode of interlamellar water molecules coupled with the interlayer anions by hydrogen bridges. The weak band at 1600 cm À1 was for the bending band of water molecules [31] , while the weak bands in the low frequency region 1000-500 cm À1 can be attributed to the O-Mo-O, Mo-O-Co and Co-OH in the parent Co/Mo-LDH [32, 33] .
SEM images
The SEM images of the Co/Mo-LDH before and after Mn(II) adsorption are shown in Fig. 3 . The images exhibit a plate like morphology with fine crystallites which is usually related to the ordinary hydrotalcites with conservation of the Co/Mo-LDH structure before and after the adsorption procedure.
Initial solution pH
The effect of starting solution pH on the removal% of Mn(II) from solutions with an initial concentration of 145 mg/L, on 0.20 g/L of Co/Mo-LDH after 60 min is shown in Fig. 4 . The data indicate that the amounts of Mn(II) adsorbed on Co/Mo-LDH decrease with decreasing pH for a starting solution pH 6 4, while for pH > 4, the removal seems to be pH-independent. The decrease in the Mn(II) removal in the low-pH range may be due to the dissolution of LDH in the low-pH solutions [34] . This was confirmed by the presence of Co and Mo in the final solution using the spectrophotometer analysis while, the lower adsorption at the higher pH range, may be due to the increasing competitive effect of OH-adsorption on LDH [35] .
From Fig. 4 , above pH 4, adsorption capacities increase with increasing pH, and reach its maximum value at pH 5 and then decrease. At pH 5, the adsorption capacities of Mn (II) on Co/Mo-LDH were 20.2, 26.75 and 38.1 mg/g at temperatures 298, 308 and 318 K, respectively. Then, the adsorption decreases and appears to reach a plateau in the pH range of P5-7. were added to a series of 100 mL of manganese solutions with initial concentration of 145 mg/L at pH 5 and stirring rate of 160 rpm for contact time 60 min to reach the equilibrium. Then the aqueous samples were filtered, and then the residual Mn(II) concentrations were analyzed. The effect of the LDH adsorbent mass on the Mn(II) adsorption in 145 mg/L solutions is shown in Fig. 5 . For these experiments, the metal solutions containing the appropriate adsorbent dose were loaded in 100 mL snap-seal polyethylene bottles, which were then stirred at 160 rpm for 60 min. The mixture in each bottle was then centrifuged immediately, and the Mn(II) concentrations in the supernatant solutions were determined by a Spectrophotometer. At all temperatures, the first removal percentage of Mn(II) increased sharply with increasing the LDH dosage, at fixed initial adsorbate concentration (145 mg/L), and the loading capacity of the material decreases with increasing LDH dose at an adsorbent dose above 0.2 g/L [36] . Furthermore, at the higher LDH mass (0.35 g/L), the adsorption capacities of Mn(II) on Co/Mo-LDH are 36.95, 44.35 and 58.75 mg/g at temperatures 298, 308 and 318 K, respectively.
Initial Mn(II) concentration and adsorption isotherm
The effect of different Mn(II) concentrations was determined after experimental studies were carried out for a range of metal concentrations. A definite dosage of Co/Mo-LDH adsorbent (0.2 g/L) was added to a series of 100 mL of Mn(II) solutions with the different initial concentrations of 40, 55, 70, 85, 100, 115, 130 and 145 mg/L at pH 5.0, and stirring rate at 160 rpm for contact time 60 min to reach the equilibrium. The removal of Mn(II) shown in Fig. 6 indicates that Co/Mo-LDH apparently removes a considerable amount of Mn(II) from the aqueous solutions. The adsorption efficiency increases to a certain level, and saturates beyond a certain concentration. Saturation resulted when no more metal ions could be adsorbed on the surface of Co/Mo-LDH where the adsorption occurred. The experimental studies also showed that high efficiency for Mn(II) adsorption could be obtained over a relatively short period of up to 60 min. The removal with initial Mn(II) concentrations exhibits that the removal amounts are linearly proportional to the initial metal concentrations. However, the complete removal of Mn(II) was observed at initial concentration 40 mg/L at 308 K and at initial concentrations 40, 55 and 70 mg/L at 318 K. While, at temperature 298 K, only 63% from the initial concentration 40 mg/L was removed. Adsorption isotherm models are usually used to describe the interaction between the adsorbent and the adsorbate when the adsorption process reaches equilibrium, affording the most important parameter for designing a desired adsorption system. The equilibrium data were analyzed using the Langmuir and Freundlich equilibrium models in order to obtain the best fitting isotherm (Eqs. (3) and (4)). According to Fig. 7(a) , K F and n are the Freundlich constants, which represent sorption capacity and sorption intensity, respectively and they can be evaluated from the intercept and slope of the linear plot of log q e versus log C e and given in Table 1 . While, from Fig. 7 (b), a line was obtained as the values of b as K L can also be obtained by the slope and intercept of the line and given in Table 1 .
The isotherm models of Mn(II) removal were studied by different initial concentrations ranging from 40 to 145 mg/L at different temperatures, 298, 308 and 318 K, a pH of 5, adsorbent mass of 0.2 g Co/Mo-LDH and after 60 min. Table 1 the experimental data better than the Freundlich one. Moreover, the Langmuir constant b values, which are a measure of the monolayer adsorption capacity of the adsorbent, were 22.32, 27.17 and 37.31 mg/g at 298, 308 and 318 K, respectively. The Langmuir constant, K L , which denotes adsorption energy, was found to be 0.052, 0.294 and 10.72 L/mg at 298, 308 and 318 K, respectively. Therefore, to determine if the adsorption is favorable or not, we used a dimensionless separation factor equation (Eq. (5)), the dimensionless parameter, R L , which is a measure of adsorption favorability was 0.325-0.117, 0.078-0.029 and 0.0023-0.0006 at 298, 308 and 318 K, respectively, (i.e., 0 < R L < 1) suggesting that the adsorption of Mn(II) on Co/Mo-LDH is favorable, as observed experimentally. fast within the first 30 min, then gradually slowed down and thereafter, the adsorption equilibrium is reached at 60 min. The fast Mn(II) removal rate in the beginning is attributed to the rapid diffusion of Mn(II) from the solution to the external surfaces of Co/Mo-LDH. The subsequent slow adsorption process is attributed to the longer diffusion range of Mn(II) into the inner-sphere of Co/Mo-LDH or the ion-exchange in the inner surface of Co/Mo-LDH. Such slow diffusion will lead to a slow increase in the adsorption curve at later stages [37] . Moreover, the initial rapid adsorption may be due to an increased number of available sites at the initial stage. The increase in concentration gradient tends to increase Mn(II) adsorption rate within the initial 30 min. As time proceeds, the concentration gradients become reduced owing to the accumulation of more than 11.8, 18.6 and 31.35 mg of Mn(II) adsorbed per gram of Co/Mo-LDH surface sites after 30 min, leading to the maximum adsorption capacities 20.2, 26.75 and 38.1 mg/g after 60 min and then at the later time (90 min), the adsorption rate became constant 22.35, 28.95 and 40 mg/g at 298, 308 and 318 K, respectively.
Contact time and adsorption kinetics
To evaluate the adsorption kinetics of Mn(II) ions on Co/Mo-LDH, the pseudo-first-order and pseudo-second-order models (Eqs. (6) and (7)) were applied to analyze the experimental data. The kinetic model parameters were obtained from fitting results and presented in Table 2 . From the fit curve shown in Fig. 9 and the relative coefficient, it can be seen that the pseudo-second-order model fits the adsorption of Mn(II) on Co/Mo-LDH better than the pseudo-first-order model.
In this study, as illustrated in Fig. 9 , the slopes and intercepts of the plot of t versus log (q e À q t ) and t/q t were used to determine the rate constants k 1 and k 2 and the equilibrium adsorption density q e of the pseudo-first-order and pseudosecond-order, respectively, Table 2 . The correlation coefficients for the pseudo-first-order model (R 2 = 0.913, 0.968 and 0.973) were lower than that of the pseudo-second-order (R 2 = 0.920 0.993 and 0.995) at 298, 308 and 318 K, respectively. This suggests that the pseudo-first-order equation might not be sufficient to depict the kinetics of Mn(II) on the Co/Mo-LDH and the kinetic parameters for the pseudo-second-order model best described by the pseudo-second order model.
Adsorption mechanism
While the Langmuir model assumes that the adsorption occurs on a homogeneous surface by monolayer coverage, with uniform binding sites, equivalent sorption energies and no interactions between adsorbed species, the Freundlich isotherm is an empirical equation assuming that the adsorption process takes place on heterogeneous surfaces, and adsorption capacity is related to the concentration of the adsorbate at equilibrium. In other words, the experimental data well fitted to Langmuir equation confirming that the binding energy on the whole surface of Co/Mo-LDH is uniform. This means that, the whole surface has identical adsorption activity and therefore the adsorbed manganese ions do not interact or compete with each other, and they are adsorbed by forming almost complete monolayer coverage of the Co/Mo-LDH particles. This phenomenon also shows that chemisorption is the principal uptake mechanism in adsorption process [38] . The better understanding of the mechanism of manganese adsorption was illustrated by adsorption kinetics. When the pseudo-second-order model considers the rate-limiting step as the formation chemisorptive bond involving sharing or exchange of electrons between adsorbate and the adsorbent [39] , the above results obtained consistently suggests that the rate-determining step may be chemical adsorption and the adsorption behavior may involve the valence forces through sharing electrons between the Mn(II) ions and adsorbents [40, 41] . Therefore, the above results obtained consistently suggests that mechanism of Mn(II) adsorption on Co/Mo-LDH and the higher adsorption capacity of the Co/Mo-LDH is explained by the formation of 4 + surface charges between Co 2+ and Mo 6+ which means formation of a highly energetic surface layers as detected by XPS [14] .
Temperature and thermodynamics
All experiments in this study were carried out at different temperatures 298, 308, and 318 K. The adsorption capacity of Mn (II) onto Co/Mo-LDH as a function of initial Mn(II) concentration and contact time is shown in Figs. 6 and 8 , respectively. The thermodynamic parameters were calculated and the nature of the adsorption processes was determined at different temperatures and the adsorption capacity of Mn(II) for Co/Mo-LDH increased with increasing the temperature.
From Eq. (8), the negative values for the Gibbs free energy (DG°) for all different temperatures were À7.69, À8.44 and À9.55 kJ mol À1 , respectively, showing that the adsorption process is spontaneous and the degree of spontaneity of the reaction increased with the increase in the temperature and the value of DG°becomes more negative indicating that higher temperature facilitates the adsorption of Mn(II) on Co/Mo-LDH due to a greater driving force of adsorption. Eq. (9) represents the enthalpy (DH°) and the entropy (DS°) changes that were calculated from a plot of ln b (from the Langmuir isotherm) vs. 1/T, Fig. 10 . The results of these thermodynamic calculations are shown in Table 3 . The positive value of DH°(19.24 kJ mol
À1
) suggests that the interaction of Mn(II) adsorbed by Co/Mo-LDH is endothermic process. Table 3 , also shows that the DS°value (0.09 kJ mol À1 K
) was positive which revealed the increased randomness at the solid-solution interface during the process of adsorption [42] [43] [44] .
Conclusions
The present study shows that the synthesized Co/Mo-LDH is a suitable adsorbent for the Mn(II) removal from aqueous solutions. The behavior of adsorption process was studied as a function of contact time, initial Mn(II) concentration, solution pH and adsorbent mass. The adsorption processes were rapidly carried out at different temperatures (298, 308 and 318 K) and constant stirring rate. The solution pH range of 4-7 has the most significant effect on the adsorption capacity and the adsorption capacity increased with increasing the temperature. The experimental data well fitted to Langmuir equation confirming the monolayer coverage of Mn(II) solution onto layered double hydroxide adsorbent. The main mechanism controlling the adsorption of Mn(II) onto the LDH may be the ion exchange with carbonate and the ligand exchange with layer OH group. Kinetically, the adsorption process followed the pseudo-second-order mechanism that considers the rate-limiting step as the formation of chemisorptive bond involving sharing or exchange of electrons between the Mn(II) and LDH. Also, the thermodynamic parameters of the adsorption such as Gibbs free energy, entropy, and enthalpy were discussed and the results demonstrate that the adsorption process is spontaneous and endothermic. Figure 10 Plot of the Langmuir isotherm constant (ln b) vs. temperature (1/T) (the thermodynamic parameters in Table 3 are determined from this graph). 
